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Dear Dr, Jacobs: 
Reference: NASW-1066 - General Dynamics of Physical- 
Chemical Systems i n  Mammals.” Fourth 
Quarterly Progress Report, August 27, 1965 
I n  accordance with t h e  requirements of the  referenced contract ,  ve are 
submitting t h i s  progress repor t  covering the  per iod May 21, 1965 t o  August 20, 
1965, 
I. Summary of Work Performed, 
1. Work is continuing on the mathematical modelling of the hydro- 
dynamics of  t he  arterial system. 
questions relative t o  the  geometric model of  the  arterial system. This area 
is  considered important t o  provide a s u i t a b l e  base for consideration of the  
ac tua l  events taking p lace  i n  the arteries. Attenpts are being made t o  develop 
a model which w i l l  descr ibe the  geometry i n  terms of d i w t e r s  against  length,  
changes i n  cross-sectional area w i t h  divis ion,  and number of  levels of  arteries 
according t o  diameter. This work w i l l  be described i n  some d e t a i l  i n  a techni- 
cal repor t  which is being prepared and w i l l  be submitted during the  next 
quar te r  , 
Discussion with D r ,  McDonald has ra i sed  some 
The de ta i l ed  transmission l i n e  treatment of t he  arterial system 
has been delayed pending completion o f  t he  geometrical modelling, 
2. Work on the  microcirculation is continuing with attempts t o  ex- 
pose ac t ive  normal t i s s u e  BO t ha t  the microcirculat ion can be observed, P l a s t i c  
windows have been placed i n  guinea pigs over muscle areas, The problems o f  
su i t ab ly  i l luminat ing the t i s s u e  appear t o  be severe but f a r  from hopeless, 
The use of f i b e r  op t i c s  is being considered and some observations have been 
made, 
l i v i n g  animal i n  such a control led condition t o  permit viewing with the high 
powered rnicroscepe. The objec t ive  i s  to be able  t o  determine rate of flow of 
blood cells i n  t h e  microcirculat ion of  the  uaanesthesieed animal. 
t o  the  window technique we are a l so  considering the observation of open areas 
o f  t i s s u e  with the  overlying skin removed, 
areas with s i l i cones  t o  permit observation under r e l a t i v e l y  normal conditions,  
Bowever, it appears extremely d i f f i c u l t  t o  contain the  t i s s u e  i n  a 
In addi t ion  
It may be poss ib le  t o  coat such 
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3, To begin experiments on blood const i tuent  dynamics 8 bypass 
has been placed around the  femoral vein, 
t o  obtain blood samples f o r  analysis  of oxygen, pH, and some o ther  blood 
cons t i tuents  l i k e  carbon dioxide, l a c t i c  acid,  and hormones. 
poss ib le  t o  study temperature dynamics i n  the  venous flow. 
It is  proposed t o  use t h i s  bypass 
It may a l so  be 
4, Thermocouples have been placed adjacent t o  the  femoral a r t e ry  
It i s  proposed t o  examine dynamic temperature d i f fe rences  between 
It would be in t e re s t ing  t o  have co r re l a t ion  of  blood con- 
and vein, 
arterial  and venous flow i n  and out  of t he  l a rge  muscle masses supplied by 
t h i s  c i rculat ion.  
s t i t u e n t s  and temperature i n  and out  of  such an area. 
fu r the r  t he  exposit ion of the heat production mechanisms i n  mammals. 
Such information can 
5. A paper has been prepared f o r  del ivery at the  London meeting 
of  the  In te rna t iona l  Federation of  Automatic Control. It is concerned with 
dynamics of  control  i n  the microcirculation, A copy of the  t a l k  i s  attached, 
6, It i s  planned t o  purchase an accurate scale and extend the  
weight experiments described i n  CR-219 with dynamic measurements on more 
subjec ts  , 
7. A proposal t o  study biokgical o s c i l l a t o r s  f o r  medical and 
physiological  purposes has been submitted t o  the Aerospace Medical Laboratory 
of  the U.S. A i r  Force, a t ten t ion  Dr. Hyde. 
should r e s u l t  i n  g rea t e r  y ie ld  from t h i s  program as well, 
An expansion of  these s tud ies  
8,  Preliminary discussions have been s t a r t e d  with Dr. Hastings of 
the  National Heart Ins t i t u t e .  It is  f e l t  t h a t  the  r e s u l t s  of  the present  s tud ies  
on the hydrodynamics of  the  cardiovascular system can be useful  i n  the N H I  
program on t h e  development of an a r t i f i c i a l  heart. 
11, Pr inc ipa l  Invest igator  
The p r inc ipa l  invest igator ,  A, S. Ibe ra l l ,  has devoted 262 hours t o  
t h i s  program i n  t h i s  repor t  period. 
Very t ruly,yours ,  
GENERAL TECHNICAL SERVICES, INC. 
Samuel Z. Cardon 
Vice President  
szc/am 
Encl , 
METABOLIC CONTROL IN THE MAMMALIAN MICROCIRCULATION 
A. S, Ibera l l  ti So Z. Cardon 
The microcirculation i n  mammals is responsible f o r  providing a f l u x  of  oxygen 
under adequate p a r t i a l  pressure t o  i t s  perfused t issue.  
suppose t h a t  t h i s  might be supplied by passive d i f fus ion  through f ixed resis tances .  
However, i n  ac t ive ly  consuming t i ssues ,  an ac t ive  control mode is required t o  supply 
oxygen t o  m e e t  demand. Since essent ia l ly  the same control  modes of act ions are used 
f o r  a very wide range of ambient exci ta t ions independent of the exc i ta t ion  type o r  
mode and coupling, it may be considered to be an adaptive control system. 
ske le t a l  muscles are an apt example. The following model is  proposed as f i t t i n g  
physiological f a c t s  f o r  t h i s  system. 
In  some t i s sue  one could 
The 
The muscles must form a prime mover engine, i n  t h a t  f o r  any t i m e  schedule of 
body displacement ( i l l u s t r a t i v e l y ,  constant speed schedules) the loads on the muscles 
are indeterminate. 
ready t o  respond with output horsepower t o  meet load demand. 
general ly  run by control of the them-dynamic process t h a t  supplies the energy 
transformation. 
flow, the oxygen flow, o r  the level of an inh ib i t ing  combustion product could be the 
f ac to r  cont ro l l ing  the rate of energy transformation. 
amply supplied with fuel (sugar) at regulated l eve l s ,  and the major combustion pro- 
duct, carbon dioxide, i s  absorbed i n  an ample sink, Thus i t  appears t h a t  the most 
p laus ib l e  control  element is the oxygen supply, p a r t i c u l a r l y  s ince there  is  l i t t l e  
oxygen storage i n  the system. 
to the  muscle t i ~ e u e  is control led by the microcirculation functioning i n  an ac t ive  
cont ro l  mode. 
The muscle engines therefore  must always be i n  an id l ing  s t a t e ,  
Such engine cycles are 
I n  the present  instance of a chemical oxidation process, the fue l  
It is  c l ea r  t ha t  the t i s s u e  i s  
It is therefore proposed t h a t  the loca l  f l ux  of oxygen 
From our own e a r l i e r  experimental work (l), the  work of Lewis (2), and Krogh (3) ,  
and various comments cul led from microcirculation conference reports  of the pas t  t en  
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years,  i t  appears t ha t  the  highest  frequency of l oca l  power control i s  confined 
within a band approximating one cycle per 1-2  minutes, which we have loosely re fer red  
t o  as a 100 second cycle, 
oxygen exchange area considerations -- are  the c a p i l l a r i e s ,  and most of them -0 from 
blood flow considerations -- are e s sen t i a l ly  impeded, the 100 second power cycle rep- 
resents  an e f f ec t ive  in te rmi t ten t  opening and closing of the c a p i l l a i e s  i n  t h i s  time 
domain, I n  t ru th ,  the in te rmi t ten t  oxygen flow through c a p i l l a r i e s  may cons is t  only 
of an in te rmi t ten t  red blood cell flow and not serum flow, so t h a t  the flow varia-  
t i o n  may not necessar i ly  be due t o  mechanical opening and closing, 
t h a t  the overa l l  cycling process ie known i n  physiology as vasomotion. 
Since the active oxygen exchange elements -0 from e f fec t ive  
It is  l i k e l y  
The process of equivalent opening and closing is  not random, as evidenced 
by l o c a l l y  coherent thermal power cycles appearing a t  every point  i n  and on the 
body (Le. , as demonstrated i n  f luctuat ions i n  sk in  and in te rna l  temperature) . 
Since the  thermal cycles from point  t o  point are not highly correlated,  there  
is apparently l i t t l e  loca l  control  of  t h e  res i s tance  beds. 
ances of l a rge r  aggregates are not indeterminate as i s  indicated by cyc l ic  coher- 
ence i n  oxygen consunption a t  the mouth, i.e,, a 100 second cycle is  present  i n  vent- 
i l a t i o n  and metabolic rate. 
coordinated in to  a non-linear l i m i t  cycle r ing  o s c i l l a t o r  t h a t  propagates through 
the system. 
Eowever, the resist- 
Thus the local opening and closing cycle appears quasi- 
The muscles and microcirculation supply elements, the  cap i l l a r i e s ,  are not 
acted upon i n  a more r i g i d l y  scheduled f i r i n g  order familiar t o  prime mver engin- 
eering. 
termined firing order, l inked  from region t o  region, which is continttottely adjttst ing 
t o  t h e  power demands of the  system. 
character ized by a ve loc i ty  pa t te rn ,  the power demand i s  adjusted t o  the force loads 
on t h e  system. 
Instead there  appears t o  be a loose but well coordinated s t a t i s t i c a l l y  de- 
This means t ha t  for a given a c t i v i t y  l eve l  
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The system res i s tance  as a whole has a determinate slowly varying mean state, 
with individual regions indeterminate and avai lable  to  adjustment t o  a best  f i t  of 
conf l i c t ing  inputs. Thus the system operates generally i n  a res i s tance  control mode. 
The nature of the control algorithm can only be guessed at. 
cues of fa t igue ,  coordination by e l e c t r i c a l  s igna ls  and chemical byproduct concentrations. 
It may involve subt le  
For example, we have proposed (1) a hypothetical mechanistic scheme i n  which the  
loca l  cap i l l a ry  is normally closed but opens f o r  a l imited time when a spec i f i c  s igna l  
is presented. 
it i s  proposed, w i l l  use up a l l  the oxygen at whatever rate the surrounding t i s s u e  
permits. These two actions can c rea te  the conditions f o r  a loca l  i n s t ab i l i t y .  
The muscle f ibe r s ,  the transforming motor element, on the  o ther  hand 
Spec i f ica l ly ,  an elementary u n i t  of the system may be defined as consis t ing of a 
loca l  group of muscle f i b e r s ,  which are su f f i c i en t  i n  extent  t o  represent not only 
the electrical f i r i n g  from P s ing le  nerve f ibe r ,  but of all those adjacent motor u n i t s  
t h a t  cooperate t o  produce a coordinated nervous wave (see Adrian (4) f o r  discussion of 
such cooperative motor u n i t s  ac t iv i ty) .  
a motor element t ha t  can be f u l l y  coordinated i n  an electrical sense, from the l eve l  
of i n t e rmi t t en t  individual muscle f i b e r  discharge up t o  sa tura ted  and coordinated 
waves of muscle ac t iv i ty .  
i n  a cy l ind r i ca l  form. 
(see, f o r  exanple, Krogh (3). 
from arterial (oxygen r ich ,  high pressure) t o  venous (oxygen poor, low pressure) blood. 
On the approach s ide,  the a r t e r i a l  s ide ,  the cap i l l a ry  ne tmrks  are supplied by s m a l l  
a r t e r i e s ,  t he  a r t e r i o l e s ,  which possess a muscle motor un i t ,  a sphincter,  which by 
opening and closing, can control  flow t o  the  capi l la r ies .  
drop takes  p lace  at the a r t e r i o l e  leve l ,  nominally through the  a r t e r i o l e  sphincters ,  
though the re  may be other addi t ional  closure mechanisms. 
blood flow i s  control led by sphincters ,  but the red blood cell f r ac t ion  may be otherwise 
cont ro l led ,  l i k e l y  e l ec t r i ca l ly .  The stage i s  thus set f o r  control  act ion of the  oxygen 
This thus serves t o  define,  even i f  vaguely, 
I n  prototype, the motor element may be viewed as disposed 
The muscle f ibe r s  i n  such a bundle a l t e rna te  with c a p i l l a r i e s  
These c a p i l l a r i e s  are connected i n  a network shunting 
The predominant pressure 
It i s  l i k e l y  tha t  t o t a l  
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flow, ( In  earlier descr ip t ive  form, it has been discussed by Krogh (3). 
There i s  a f l u x  of  blood ax ia l ly  along the  c a p i l l a r i e s ,  among the  muscle f ibers .  
There is  i n  addi t ion an oxygen f l u x  from the  c a p i l l a r i e s  ou t  t o  the  t i s s u e  and thence 
t o  the ac t ive  muscle f ibers .  
stream, 
t h a t  w i l l  u t i l i z e  oxygen at whatever rate i ts  boundary permits, 
f i b e r s  do not determine the  rate governing react ion,  which must be determined instead 
by a 'd i f fusion '  rate across the  intervening t i s s u e  geometry. 
are active. They are not a l l  f u l l  o f  red cells. 
o r  low i n ,  red  blood cel l  flow, 
the  c a p i l l a r i e s  are considered t o  be closed a t  any time), 
force balance, one might expect t h a t  w i t h  a given number of e f f e c t i v e  open c a p i l l a r i e s ,  
a c e r t a i n  cross-channel equilibrium concentration of oxygen w u l d  e x i s t  i n  the  t i s sue ,  
ranging from a nominal 19% oxpgen concentration i n  arterial  blood down t o  near zero 
f o r  i n t e r s t i t i a l  f luids .  
equilibrium oxygen f l u x  in to  the  mutscles, and thus i t s  ex i s t ing  equilibrium oxidation 
rate, There would s imi l a r ly  be an equilibrium returning carbon dioxide counterflux. 
There could be more than one model of  the equilibrium poin t ,  depending on the nature 
of t he  boundary equilibrium at  the  muscle f i b e r s  and as determined by the  operating 
poin ts  of t he  metabolic react ions,  Le., the  d i s t r ibu t ion  would tend toward an equil-  
ibrium following each change i n  e f fec t ive  c a p i l l a r y  opening d is t r ibu t ion ,  
This forms a f l u x  stream orthogonal t o  the  blood f lux  
Now, according t o  the present  hypothesis the muscle f i b e r s  are an ac t ive  sink 
Thus, the muscle 
However, the c a p i l l a r i e s  
I n  f a c t ,  most of  them are free o f ,  
(Following Krogh, it is  common t o  regard t h a t  most of  
Thus, as an equilibrium 
Depending on the  geometry, t h i s  w u l d  represent  a spec i f i c  
The one major open element i n  t h i s  descr ipt ion is the  e f f ec t ive  number of  open 
c a p i l l a r i e s ,  
normally closed, *at makes themopen for  l imi ted  times, and i n  pa r t i cu la r ,  what forma 
the  100 second nominal timing phase? 
the  cross-channel f l u x  is  responsible,  although t h i s  component may be car r ied  i n  the 
axial channel flow, It i s  l i k e l y  nei ther  oxygen nor carbon dioxide, s ince these sub- 
The question i s  what makes them open o r  c lose,  o r  s ince  they are 
It is  suggested t h a t  a colrmponent t h a t  en te r s  i n to  
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stances  ac t ing  only passively would come to  s p a t i a l  and temporal equilibrium. It is  
a l so  not l i k e l y  any o ther  passive intermediary, s ince  t h i s  too would tend t o  equili- 
bria.  
tend toward equilibrium. Therefore, as Krogh a l so  sought, there  must be some switching, 
o r  escapement element f o r  opening o r  closing cap i l l a r i e s .  
e i t h e r  a second escapement o r  a spring return i s  used f o r  the opposing action. 
understood the  problem qui te  w e l l  and it motivated h i s  search fo r  a vasodi la t ing agent. 
Our search fo r  the  escapement has suggested adrenaline fo r  the  most p l aus ib l e  
It cannot be the  oxidation k ine t ics ,  s ince  these are too f a s t  and a l so  can only 
It is  not ru led  out  t h a t  
Krogh 
agent. 
It i s  reputedly a calor igenic  agent as well. 
hypothetical  model f o r  the  loca l  100 second cycle. Some p o s s i b i l i t i e s  are the following: 
It i s  a powerful vasodi la tor  i n  muscle and i ts  t i m e  of ac t ion  seems correct.  
The problem is  t o  work out  a su i t ab le  
1. There is  a cen t r a l ly  produced cyc l ic  stream of adrenaline i n t o  the  blood from 
the adrenals. This may be del ivered i n t o  the  blood at a near 100 second rate t o  form 
a predominant timing phase. The pulsed adrenaline wave i n  the blood can regular ize  a 
'twinkling' i n  the cap i l l a ry  number by being used up, o r  t i e d  up by the  number of cap- 
i l l a r ies  t h a t  open on s igna l  from it. The rate of adrenaline flow could determine the  
twinkling rate of  c a p i l l a r i e s  and therefore the  oxygen flow. 
2. A second p o s s i b i l i t y  is  t h a t  the adrenaline is maintained i n  the  blood a t  very 
slowly changing levels .  
illaries. 
the  red cel l  supply has dropped appreciably and the  muscle f i b e r s  are leaching the  
oxygen from the surrounding t issue.  
with t h i s  d i f fus ive  s ink  (similar t o  drainage from a s ingle  water w e l l  i n  a f i e ld ) .  As 
the oxidat ion reac t ion  goes on, its combustion byproducts p i l e  up BL) carbon dioxide and 
various intermediaries.  
up t o  a threshold l eve l ,  then t r igge r s  t h e  c a p i l l a r y  t o  open, recharging the  cap i l l a ry  
with blood and the region with oxygen. 
I ts  flow rate is  s t i l l  used to  open a d e f i n i t e  number of  cap- 
However, the  tw, minute cycle is l o c a l l y  determined. I n  a closed capi l la ry ,  
The timing phase i s  the t i m e  constant associated 
One of these, perhaps carbon dioxide o r  lact ic  ac id  bui lding 
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3. Somewhat more spec i f ica l ly ,  Lundholm ( 5 )  has suggested t h a t  adrenaline a c t s  
t o  increase the l a c t i c  acid production i n  the cells with a r e su l t i ng  increased d i f -  
fusion in to  the surrounding t i s sue ,  and t h a t  i t  is  the l a c t i c  acid i n  the t i s s u e  f l u i d  
which produces the vasodilation. 
increase the c e l l  oxidation r a t e ,  which would have the  same ef fec t .  In t e re s t ing ly  
enough, o ther  metabolic byproducts have been s imi la r ly  postulated t o  mediate blood 
flow i n  ac t ive  organs. (Berne, for  example, has proposed 
It is also possible  tha t  adrenaline acts simply to  
adenosine f o r  the heart) .  
However, our key thought, t ha t  regardless of the loca l  mechanism f o r  control  
of blood flow, i t  is the oxygen choke tha t  controls  the metabolism l eve l ,  has 
generally been w e l l  regarded, 
For a s ing le  flow d i s t r ibu t ion  system t o  permit loca l  cyc l ic  demand according t o  
loca l  power need l i k e l y  requires  tha t  i t  be an adaptive control system i n  more than 
one sense. 
domain. 
f a s t e r  and slower. 
Up t o  t h i s  po in t ,  we have discussed the control  i n  the 100 second time 
There is evidence f o r  regulat ion and control  functions a t  other  t i m e  domains, 
A t  a f a s t e r  time domain, there  is an axial j i t ter  i n  the red cell  f lux ,  l i k e l y  
r e l a t ed  t o  what Krogh (3) ca l l ed  plasma skimming. 
second, there  is  a f luc tua t ion  i n  the number of blood cells per  second passing a 
point  i n  a given capi l la ry ,  (This has been viewed i n  Bloch's movies of t he  micro- 
c i rcu la t ion ,  see ( 6 )  f o r  i l l u s t r a t i o n ;  o r  see (7) f o r  a popular view of the micro- 
c i r cu la t ion  and (8) f o r  references on the microcirculation).  
f luc tua t ions  appear i n  the d iv is ion  of c e l l s  be twen  the t w o  branches, although i n  
longer time the stream w i l l  tend t o  diver t  from one branch t o  the other.  
these slower processes tha t  represent Krogh's plasma ekirnming and one aspect of the  
100 second cycle. 
higher frequency blood cell  j i t t e r ,  and thus not t o  be found i n  actual  sphincter  con- 
t r o l l e d  opening and closing of  arterioles. 
A t  a r a t e  of several cycles per  
A t  a branch poin t ,  the  
It is l i k e l y  
It may be t h a t  t h i s  adaptive control  cycle i s  b u i l t  up from the  
A t  present  it has not been possible  t o  
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dis t inguish  among the  various processes . 
It seems clear t h a t  the high frequency j i t t e r  is mediated by electrical forces.  
The 100 second cycle  appears more l i k e l y  mediated by an electro-chemical o r  more 
properly,  a hormonal-electrical mechanism t h a t  d i g i t a l l y  (i.e., i n  quantized fashion) 
monitors the  red blood cell flux. 
on a t r i p  through a c a p i l l a r y  ne t  very much l i k e  a b a l l  i n  a pin-ball  machine. 
'pins '  are electrical-chemical in te rac t ions  at the  w a l l .  
electrical valves. 
c losure switchings, a l so  e l e c t r i c a l l y  mediated, t h a t  more formally control  passages o r  
constr ic t ions.  
algorithm f o r  an adaptive control  tha t  meters the  oxygen, which is t i e d  t o  the  red 
blood cell  carriers t o  the  loca l  muscles. One surmises t h a t  an electrical feedback 
system furnishes  information on regional flow se t t ings .  
It thus appears t h a t  t he  individual cell  embarks 
The 
The w a l l s  tend t o  act l i k e  
I n  addition, pursuing the  p i n  b a l l  analogue, there  may be sec t iona l  
It is a combination of such elements t h a t  provide an as y e t  unknown 
A t  a slower time scale, there  i s  evidence t h a t  there  e x i s t s  an adaptive zonal 
control  over the  blood flow. 
f i r e  only with a determinate statist ical  number pe r  u n i t  time, i.e., t h e i r  number 
'twinkles' at a 100 second t i m e  domain. While such act ion appears s tochas t ic  i ts  
propagation is not. 
must be s a t i s f i e d ,  and then there  are  the conf l i c t ing  demands among major systems, Le., 
t he  hea r t ,  l iver ,  brain,  kidney, G I  t r a c t ,  ske l e t a l  muscles, and the  skin. 
the  systemic c i rcu la t ions ,  i t  appears l i k e l y  t h a t  there  i s  another r i n g  o s c i l l a t o r  model 
o f  cont ro l  i n  the  nervous system, a t  t h e  level of the  hypothalamus, t h a t  cont ro ls  a 
near seven minute blood flow d iv is ion  among these various circulat ions.  It appears 
p l aus ib l e  t h a t  t he  d iv is ion  18 af fec ted  b9 resistance, say at the  level of t he  a r t e r i o l e  
sphincters .  
seven minute cycle. 
and are probably known elsewhere as well (such as i n  the  kidney). 
This may be viewed as follows: The muscle motor elements 
There are conf l ic t ing  demands of  motor u n i t s  i n  the v i c i n i t y  tha t  
To s a t i s f y  
Thus it  i s  l i k e l y  t h a t  the  control of  blood flow is  af fec ted  through t h i s  
The flow s h i f t s  are most prominent i n  the c i r cu la t ion  t o  the  skin,  
Seven minute temper- 
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a tu re  cycles a t  the hypothalamus correlated with metabolism have suggested the l i ke -  
lihood of deep body temperature control  as taking place a t  the hypothalamus. 
may be t h a t  the r ing  d iv is ion  of blood flow takes place on the bas i s  of providing a 
control  of heat exchange. (See experimental data  i n  (9). Any zone thus has a mean 
blood flow, and mean oxygen flow provided t o  it, which, at slow operat ive l eve l s ,  is 
su f f i c i en t  t o  supply zonal oxygen need. 
Thus it  
I n  addi t ion t o  those adaptions of cycl ic  supply according t o  conf l i c t ing  functions 
and modalit ies,  there  is ye t  another longer time adaptive growth control  of  the archi-  
t ec ture  of the d i s t r ibu t ion  system which should be considered. 
whether t h i s  can be considered adaptive control espec ia l ly  within the context of t h i s  
symposium. 
systems which i s  characterized by a reversible  adaption of d i s t r ibu t ion  system numbers 
and s i z e s  i n  time. 
control  t o  various modalit ies of l iving.  
One might question 
Y e t ,  it sure ly  is when one considers t h a t  there  i s  a v i a b i l i t y  i n  l i v i n g  
From t h i s  point  of view, growth adaption is  ce r t a in ly  adaptive 
I n  the case of the microcirculation, or more generally a l so  the a r t e r i a l  supply, 
growth control  i s  r e f l ec t ed  i n  the developmental a rch i tec ture  of the  system. 
sc r ibe  the flow d i s t r ibu t ion  system requires a geometric-topological a r ch i t ec tu ra l  
model. The need fo r  such a model w a s  o r ig ina l ly  s t ressed  by Young (1809). 
by Aperia (lo),  Young considered tha t  the system of vessel  ramifications...follows 
on the  whole the same laws throughout the e n t i r e  organism...After a c e r t a i n  independent 
course every vessel  ramif ies  i n to  tw branches of the  next stage. 
course for the  length as well as f o r  the cross-section of the  d i f f e ren t  s tages  is  
s ta ted .  
conditions . 
To de- 
As reported 
Thereby, a simple 
Corresponding pieces  of the same stage of ramif icat ion show the same physical 
I n  (l), a model w a s  proposed tha t  f i t s  the anatomy, namely t h a t  a main arterial 
branch develops embryologically down the 'center '  of each functional u n i t  ( the limbs 
are viewed as an excel lent  prototype),  and t h a t  a topologically similar prototype is  
supplied a t  each subsequent l eve l  of subdivision. The prototype topological element 
- 9 -  
appears t o  be an elongated cyl inder  which is then divided i n t o  m sec tors  and n 
p a r a l l e l  slices. 
elongated cyl inder  in to  m n s m a l l  pseudo-cylindezswhich can then be s imi l a r ly  sub- 
divided i n  turn. 
i t  with flow d i s t r ibu t ion  of a s u f f i c i e n t  number of  elements. The subdivision proceeds 
from the  ao r t a  with an in te rna l  diameter i n  the  range of centimeters,  t o  a normal l a rge  
a r t e r y  i n  the  range of a centimeter, on down t o  a r t e r i o l e s  i n  a range near 30 microns 
(0.003 cm,). 
approximately constant i n  a l l  arteries, which tends t o  f i x  t h e  diameter at each sub- 
divis ion,  It is  conceivable t h a t  t h e  tubes grow i n  s i z e  t o  f u l f i l l  t h i s  condition by 
some s o r t  o f  acoust ic  prescience.. (Although b io log i s t s  may commonly think i n  terms of  
hydrodynamic erosion, i t  i s  more l i k e l y  t h a t  v ibra t iona l  'noise' ac t ing  on the loca l  
c e l l u l a r  w a l l  s t ruc tu re  may be a growth stimulus). However, the oxygen f l u x  geomet- 
r i c a l l y  demands a proportioning between t h e  diameter of  t he  blood vessel required t o  
supply the oxygen f l u x  and the  diameter per u n i t  length of  supplied t i s s u e  so t h a t  
there  is an apparent c o n f l i c t  between a f i r s t  power l a w  of  a r t e ry  diameter and length 
of the subdivision required f o r  geometric s imi l a r i t y ,  and a two-thirds power l a w  re- 
quired topological ly  by gas d i s t r ibu t ion  requirement. This is resolved i n  a fashion 
t h a t  would be understandable t o  the more p r a c t i c a l  minded plumber. 
This subdivision in to  m n segments quickly transforms the l a rge  
This s a t i s f i e d  the topological needs f o r  t h i s  system i n  providing 
A major e s sen t i a l  property appears t o  be t h a t  t he  mean ve loc i ty  is  
Tube runs are used i n  (i.e., they grow to) f a i r l y  customary lengths  for  each 
diameter, su i t ab le  f o r  each l eve l  o f  subdivision. 
branching around the  main topological tree. Thus the  tube runs which have not changed 
t h e i r  l ength  much be twan  branches can be represented by a gross s c a t t e r  ( i n  a logar- 
ithmic presentat ion)  around a f i r s t  power l a w  of  va r i a t ion  of diameter with length  of 
runs (11). 
permit growth o r  degradation of  supply tubes which can adapt t o  loca l  use. 
change might be i l l u s t r a t e d  i n  a demand fo r  mild modification of the d i s t r ibu t ion  system 
a t  var ious levels i n  response t o  a new pa t t e rn  of  muscular exercise. 
Any needed adjustments are made by 
A set of  design laws fo r  the  d i s t r ibu t ion  system can follow t h a t  w i l l  
Need f o r  
- 1 0  - 
Support f o r  t h i s  work under National Aeronautics and Space Administration 
Contract No. NASW-1066 i s  g ra t e fu l ly  acknowledged. 
References 
1. I b e r a l l ,  A. ASME J. Basic Eng. 82 (1) 92, 103; 8 2  (31, 513, 1960; 
Cardon, S. NASA CR-141, CR-214, CR-129, 1964, 1 3 5  
2. L e w i s ,  T. Heart - 13, 27, 1926; l5, 177,  1929-31; B r i t .  Med. J. 795, 837, 869, 
1941. 
3. Krogh, A. THE ANATOMY AND PHYSIOLOGY OF CAPILLARIES, Hafner, 1959. 
10. 
11. 
Adrien, K. THE MECUSM OF NERVOUS ACTION, U. of  Penna. 1932. 
Lundholm, L. Acta Scand. Phys. 39, Suppl. 133, 3, 1956. 
Bloch, E. Am. J. Anat. 110, 125, 1962. 
Zweifach, B. Sci. Amer., Jan. 1959, 2. 
Wiedeman, M. Chapt. 27 i n  Handbook of Physiology, Ci rcu la t ion ,  Section 2, 
Volume 2 ,  1963. 
Benzinger, T., Kitzinger,  C. i n  TEMPERATURE 0- ITS MEASUREMENT AND CONTROL, 
Vol. 3, Pt.  3, Reinhold, 1963. 
Aperia, A. Skand. Arch. Physiol. 83, Supp1. 16, 3 (1940). 
Suwa, M. e t  a1 Tokoku J. Exper. Med. 29 169, March 1963. -
